Abstract-
I. INTRODUCTION

D
ETECTION and analysis of rare cells such as circulating tumor cells (CTC) is a field that attracts much attention from biomedical researchers [1] . Recent research shows that rare CTCs in patients' blood stream carry information that are vital for diagnostic and research procedures. In addition, recent studies suggest that data obtained by analyzing cell groups in bulk can be different from data obtained by cell analysis at single cell resolution. Cell to cell variations get masked by bulk averaging and can yield averaged data that is significantly different from single cell data [2] , [3] . Commercial devices for single cell analysis require trained personnel and high expenditure. CellSearch is currently the only FDA approved semi-automated system that enumerates CTCs of epithelial origin [4] . This system labels target cells with magnetic particles for cell separation and enrichment. Magnetic particles attach to epithelial cell adhesion molecule (EpCAM) antigen present on epithelial cell membranes. Separated cells are then fluorescently stained and scanned by a fluorescence microscope. Finally, candidates for CTCs are presented to an operator for review. This system includes a dedicated fluorescence microscopy unit and requires trained operators to analyze results. There is still a high interest in research community in developing low cost and simple to use single cell analysis and counting systems that can be used at pointof-care in resource limited settings. In addition to the number of CTCs present in blood, physical properties of single cells could also aid in disease diagnostics. It has been shown that stiffness of a single cell might be used to determine its cell line [5] . Most such research attempt to archive this objective in microfluidic lab on a chip (LoC) type devices. An essential section of most single cell analysis systems is immobilizing single cells at sensor sites. In this paper, a novel method is proposed to immobilize target CTCs at specific sensor sites using superparamagnetic beads and micro-electromagnets.
Many research groups have developed devices capable of analyzing single cells [5] - [9] . Most such devices require a target cell to be immobilized at a sensor site and their operation highly depends on correct cell immobilization. Several methods have been used to achieve this end. Zhao et al. designed a microfluidic device capable of measuring size independent electrical properties of a single cell [6] . A single cell was trapped at the test site by manual aspiration through a microfluidic channel segment that is smaller than the cell. Khine et al. [7] and Cho et al. [8] used similar strategies to trap a single cell at a test site for electroporation studies and impedance analysis studies respectively. Micro-manipulators have been used to manually move single cells to test sites for analysis with surface acoustic waves [5] . Such manual cell placement methods are highly time consuming and requires experienced operators. Arya et al. produced a device for detecting breast tumor cells at single cell resolution [9] . The test site was functionalized with anti-EpCAM antibody to immobilize target cells immunochemically. Restricting functionalization to a suitably small region could be difficult when such methods are used in cell analysis devices. Cells cannot be attracted towards intended capture site and would only be immobilized if they move into the vicinity of the capture site. Furthermore, chemical bonds take a finite time to form -fast moving cells might not be immobilized at all. Since this strategy requires chemical functionalization of a restricted small region within a device, it could face issues in reproducibility of results and reusability of the devices. Optical tweezers, in which a strong, focused beam of light is used to capture and manipulate small particles is another promising strategy for cell manipulation [10] . Voldman et al. used 60 μm high gold pillars within a microfluidic channel to form quadrupolar dielectrophoretic traps [11] . The device was only tested for holding capability of already captured particles against the drag force of fluid flow. A Surface Acoustic wave (SAW) based acoustic tweezer device that manipulate and control cell to cell distances within a chamber [12] and a similar device capable of manipulating a single particle along arbitrary paths within a chamber [13] have been reported. Such devices possess the advantage of being label-free. But they require devices to be fabricated in piezoelectric substrates. The high frequency signals used could also act as a noise source for post-immobilization secondary analysis methods such as [5] . To the best of our knowledge, suitability of optical tweezers, acoustic tweezers and dielectrophoretic methods for capturing single cells that are flowing within microfluidic channels has not been demonstrated. Hydrodynamic cell immobilization with negative pressure through smaller auxiliary channels is another popular method [8] , [14] . But when a cell is captured, it is pressed against rigid microchannel structures and is subjected to deformation.
Use of superparamagnetic micro and nano beads for cell sorting, separation and detection has been an extensive research topic in the biomedical field [15] - [20] . These beads exhibit magnetism only when there is an external magnetic field present, and their size is comparable to biological cells and other entities. Prior studies have shown that being subjected to high static magnetic fields even for a very long time has extremely small or no effect on cells [21] . And being tagged with superparamagnetic beads used in our experiments (Dynabeads M280 -ThermoFisher Scientific) has little or no effect on cells [22] . The inherent ability of magnetism to exert a force at a distance makes superparamagnetic beads an ideal choice for cell sorting and separation studies [15] . But the strategy of using of superparamagnetic beads to accurately immobilize cells within small sensing sites in MEMS microfluidic channel devices has not been explored. Kang et al. produced a device to separate and capture CTCs from mouse blood [16] . The device consisted of a microfluidic channel a few centimeters long with an array of deep sidecavities along one channel sidewall. A permanent magnet was placed below the microfluidic device to attract tumor cells with attached superparamagnetic beads into the cavities. Thus, CTC cells were collected into the cavities from blood flowing in channel. Choi et al. produced two devices to capture magnetic beads flowing in a channel [17] , [18] . Both devices consisted of micro fabricated electromagnetic structures placed below channel floor. The capture areas were very large, being close to 1 mm 2 in one device. Gao et al. produced a fluidic device to capture CD4+ T lymphocytes in a millimeter scale capture chamber [19] . In their device, immunochemically functionalized magnetic beads were first pumped through the channel and were captured on the floor and ceiling of the capture chamber by placing two permanent magnets below and on top of capture chamber. Then, a suspension of CD4+ T lymphocytes in Phosphate Buffered Saline (PBS) was pumped through the channel. CD4+ T lymphocytes that were immunochemically captured by the immobilized magnetic beads were then optically enumerated. Ramadan et al. produced a device consisting of a millimeter scale fluidic chamber containing an electromagnetic structure in the form of a circular conducting coil with a ferromagnetic pillar at its center [23] . Magnetic beads that were very slowly pumped into the chamber were attracted to the center of electromagnet and capture radius was reported. The ferroelectric pillar focused the magnetic field and generated a high magnetic force in its close vicinity, but the force dropped rapidly and significantly as the distance increases.
As discussed above, function of most reported magnetic cell capturing devices is essentially cell separation or enrichment. Furthermore, cell capture areas are relatively large and some are even millimeter scale devices. Some reported devices show good cell manipulation within fluidic chambers, but their adoption to capturing cells and magnetic beads that are in-flow within microfluidic channels has not been demonstrated.
In this paper, a method is proposed for immobilizing rare CTCs within MEMS scale regions in a microfluidic device using superparamagnetic beads. Proposed method can be used to immobilize cells for further probing or handling with a secondary strategy. Our method possesses the following advantages: ability to immobilize cells within small MEMSscale regions; immobilization sites do not have to be functionalized; simple electrical circuitry; relatively simple fabrication process; compatibility with a wide range of analysis methods such as impedance based, acoustic based, optical, biochemical, etc. With the listed advantages, this method of single cell immobilizing is of immense value and can be used with a wide range of single cell analysis methods.
II. DEVICE DESIGN AND FABRICATION
A. Magnetic Forces and Motion
Assuming a superparamagnetic bead to behave as pointlike magnetic dipole with magnetic moment m, the following equations describe magnetic force acting on it. (Vector quantities are shown in bold letters.) Equation (1) gives the magnetic force acting on a bead where F m is the magnetic force acting on a bead, and B is the magnetic field. Equations (2) and (3) show the relationships of volumetric magnetization (M) with magnetic moment m and magnetic field strength (H) respectively. Volume of the magnetic bead is given by V and magnetic susceptibility of the bead relative to surrounding medium is given byχ.
Equation (4) is obtained by combining equations (1), (2) and (3) and can be further reduced to equation (5) if there are no time varying currents or electric fields in the medium [18] , [24] . As can be seen from these derivations, a magnetic field gradient is required in order to generate a magnetic force.
The magnetostatic energy density, U m can be expressed as shown in equation (6), and equation (7) express F m in terms of U m .
Three other forces act on a magnetic bead in flow ( Fig. 1 ) The net force due to gravity (W) and buoyancy (U) is insignificant for a CTC labeled with beads in a biological medium as the density is close to that of the medium [24] . Hydrodynamic drag force (F d ) acting on a bead is given by equation (8) . Radius of the particle, viscosity of the medium, and the velocity of particle relative to fluid velocity are given by r, η and v respectively. Initially while the particle is inflow, velocity of the particle is same as that of surrounding fluid; thus the drag force is zero. When magnetic force starts to accelerate the particle towards immobilization site, the particle gains a non-zero velocity relative to surrounding fluid. This gives rise to a drag force acting in the opposite direction to the relative velocity of particle. Magnetic force must work against drag force to accelerate particle towards the immobilization site and eventually to immobilize it. When the particle is stationary, frictional force (between bead and surface) must balance out the drag force exerted by the fluid flow; in this case, the frictional force depends on magnetic force.
B. Device Model and FEM Simulations
In order to create high magnetic forces, a device capable of creating a high magnetic field gradient is required. The direction of the gradient should guide magnetically labelled CTCs towards the immobilizing site. Conducting metal paths were used as micro-electromagnets to generate a magnetic field. Magnetic field was calculated using FEM simulations. The conductor is shaped so as to generate the required magnetic field with directions of its gradient to guide magnetic beads towards a MEMS scale immobilization area. A microchannel is fabricated encapsulating the micro-electromagnet. Fig. 2 shows device design. Fig. 2a shows an extract from the photomask layout design for the device. Fig. 2b shows an optical microscope image of microelectromagnet structure (gold) fabricated on SiO 2 substrate. Fig. 2c shows a 3D image of the final device where a microfluidic channel is situated on top of the micro-electromagnet features.
Finite element modelling (FEM) simulations were carried out in COMSOL Multiphysics® software to evaluate the design. Values of magnetic susceptibility (11.3) and magnetic material percentage in a bead (5%) were obtained from the manufacturer (Spherotech) and embedded into the model. Magnetic field was calculated and magnetic force was derived implementing equation (7) in Comsol. Fig. 3 shows plots of magnetic forces acting on a superparamagnetic bead with a diameter of 3.5 μm. Fig. 3 a.1 and a.2 show magnetic force acting on a bead along a path that is mid channel in horizontal plane and 5 μm from the channel floor in vertical direction. The path is shown as dotted lines in the vertical and horizontal planes in Fig. 3 a.1 and Fig. 3 b. Fig. 3 a.1 shows that force is always directed towards the mid-section of electro magnet (immobilization site). Fig. 3 a.2 shows that force reaches its peak when the bead is directly over immobilization site. Force decreases by a small amount when bead moves from the edge of the electromagnet feature to its center. Fig. 3 b shows magnetic force on a horizontal plane 10 μm above the channel floor. Greyscale color map shows the downward force. It can be clearly seen that the peak is just above immobilization site. The red arrows show force in horizontal directions (arrow lengths proportional to force). These show that magnetic forces guide a bead towards intended immobilization region.
After the micro-electromagnet design was completed, a microfluidic channel was designed as shown in Fig. 2(c) . The dimensions of the microchannel were chosen by taking some practical considerations into account. The channel has to be aligned with the micro-electromagnet structure so that the immobilization region is at the middle of the channel. The channel cross section has to be wide enough to avoid clogging by beads and cells. Channel height has to be large enough to avoid clogging but small enough so that cells and beads flow close to the electromagnets. Considering all these factors, microfluidic channel was designed to be 100 μm wide and 30 μm high. 
C. Device Fabrication
The device was fabricated using standard MEMS and soft lithography methods. The fabrication sequence for the device is shown in Fig. 4 . The devices were fabricated on a 4 silicon wafer coated with a 1 μm-thick silicon dioxide layer. Initially, the micro-electromagnet features and necessary electrical paths were fabricated. The wafer was coated with 3 μm thick AZ 5214E photoresist layer in two spin coating steps. Following a soft bake of 60 s at 110 o C, photoresist layer was exposed with an OAI 800 UV broadband mask aligner. Image reversal bake was done at 120 o C for 120 s followed by a flood exposure. The wafer was developed in MF-26A developer solution for 30 seconds. A 1 μm thick gold layer was evaporated in a CHA electron beam evaporator with a thin layer of Cr for adhesion. Excess metal was lifted off overnight in Remover PG solution. SU-8 photoresist was used to fabricate sidewalls of microfluidic channel. SU-8 2025 photoresist was spin coated at a thickness of 30 μm on the wafer containing metal features. Soft bake was performed in three steps; 2 minutes at 65 o C, 5 minutes temperature ramp from 65 o C to 95 o C, and 6 minutes at 95 o C. The photoresist was exposed with an OAI 800 UV broadband mask aligner and developed in SU-8 developer. Final step was to bond a ceiling to the microfluidic channel. A flat strip of PDMS was bonded to the SU-8 surface by the aid of uncured liquid PDMS mixed with curing agent at 10:1 ratio following a previously developed method [25] . As the final steps, Tygon tubing were connected to inlets and outlets and wires were attached to the electrical pads by soldering. Fig. 5 shows the fabricated device.
The widths of each section of the micro-electromagnet structure was designed so as to carry sufficient current and to balance current between the branches (Fig. 5) . The shape was designed to guide magnetic beads towards the intended capture site at the middle of the microfluidic channel. As the microfluidic channel width and height were designed to be 100 μm and 30 μm respectively, the channel cross section was large enough to flow a solution containing CTCs without getting clogged up.
III. EXPERIMENT PROCEDURE
A. Sample Preparation
Dynabeads
M-280 Streptavidin superparamagnetic beads (2.8 μm) purchased from ThermoFisher Scientific were used in the experiments with cells. The beads were first washed in HBSS three times. They were then incubated with excess EpCAM Antibody, Biotin conjugate (ThermoFisher Scientific VU-1D9) for 45 min at room temperature. Then, the beads were washed three times with HBSS on a magnetic rack to discard unbound antibody. MCF-7 human breast adenocarcinoma cells were cultured in DMEM media with 10% FBS following established protocols. Cells were harvested just prior to experiments and were maintained on wet ice in HBSS media until use. Superparamagnetic beads were allowed to bond to cells by incubating cells with functionalized beads for 45 minutes at 4°C with gentle shaking at every 10 minutes. Next, the solution was washed thrice in HBSS on a magnetic rack to discard unbound cells. Targeted cell density in final solution was 5×10 5 cells ml −1 . Fig. 6 shows images obtained with an inverted optical microscope of superparamagnetic beads attached to MCF-7 cells. The average number of beads per cells was 11.
Cells prepared as explained above were not easily identifiable with a high degree of confidence within a microfluidic channel -this was especially true when cells were in motion. Our optical microscope could not record images with sufficient contrast due to the transparent nature of cells. Therefore, it was not possible to calculate immobilization results with a high degree of confidence. Thus, merely to improve quality of collected data by improving visibility, cells were stained using Trypan Blue. A similar volume of Trypan Blue solution (ThermoFisher Scientific 15250-061) was mixed with cell solution followed by 10 minutes of shaking to stain cells. While this method kills the cells, they were clearly visible for accurate data collection.
B. Immobilization of Superparamagnetic Beads
The device was first tested with unbound superparamagnetic beads with an average diameter of 3.5 μm (Spherotech CM-30-10). These beads, which are supplied in an aqueous solution, consist of a layer of magnetite coated onto monodispersed polystyrene core particles [26] . Magnetic susceptibility is 11.3 and magnetic material percentage to total bead volume is 5%. Density of the beads is 1.58 g cm −3 . (Data provided by manufacturer.) Superparamagnetic beads were diluted at 200:1 and suspended in a 4:1 water-glycerin solution, which resulted in a bead density of approximately 3x10 6 beads/ml. The density of this mixture was 1.06 g cm −3 and viscosity was 1.76 mPa·s. This viscosity value is close to that of a diluted blood medium while increasing drag force and preventing bead sedimentation due to gravity at low flow rates. (Normal whole blood viscosity is about 3-4 mPa·s. [27] )
Inlet and outlet of the microfluidic channel were connected to two syringe pumps with Tygon tubing. Two pumps were used in an infuse/withdraw configuration to obtain a better flow rate regulation. An UltraMicroPump UMP3 pump with Micro4 pump controller (World Precision Instruments) was used in infuse mode at the inlet. A Cole-Parmer Syringe pump (EW-74900-20) was used in withdrawal mode at the outlet. It was critical to have the whole fluidic setup free of any air bubbles in order to prevent unreliable flow rates and delayed response to flow rate changes at the pump. Once the system was completely filled with fluid, the pumps at inlet and outlet were set to the same flow rate. Ten minutes were allowed to elapse before recording data after each flow rate change for flow to become stable. Actual flow speeds were calculated later by analyzing recorded video clips. An Agilent E3631A power supply operating in current limiting mode was used as the DC current source. The device was first tested with zero current to ensure that there is no bead capture with microelectromagnet turned off. The device was then tested for three flow rates at various DC currents. Real time videos of device operation were captured and these were analyzed to calculate flow speeds and bead capture percentages. Fig. 7 shows the equipment setup for experiments.
C. Immobilization of Cells Labelled With Superparamagnetic Beads
Cell samples were prepared as detailed in a previous section. Initially, device was tested with unstained cells. Although cells were observed getting immobilized at the test site, a reliable quantification could not be achieved due to the transparent nature of the cells. Therefore, the cells were stained to improve the reliability of the collected data. However, stained cells tended to loose attached beads over time and therefore, the experiment had to be completed as quickly as possible. For this reason, tubing and infusion pump were removed from inlet, sample was introduced directly to the inlet reservoir to reduce the experiment time, and the fluid was withdrawn from the outlet pump only. Staining caused cells to loose beads over time and forced us to change the microfluidic pumping setup. Therefore, better immobilization performance is expected for un-stained cells. We believe results calculated with stained cells present a lower bound on device performance. Fig. 8 shows immobilized unbound superparamagnetic beads. The area of bead immobilization is shown highlighted Fig. 9 .
IV. RESULTS AND DISCUSSION
A. Immobilization of Superparamagnetic Beads
Unbound superparamagnetic bead immobilization percentages. Immobilization percentages for three flow speeds at varying electrical currents.
in Fig. 8a and Fig. 8b shows an optical image of immobilized beads. The immobilization area was observed to be approximately 1000 μm 2 . (For comparison, a single cell with a diameter of 15 μm would take about 175 μm 2 .) Fig. 9 shows unbound bead immobilization percentages. Bead immobilization percentages were calculated for flow rates 0.1 μl min −1 , 0.075 μl min −1 , and 0.05 μl min −1 (flow rates programed into micro pump). But the flow speed gives more insight and comparability to the analysis. The channel width and height were 100 μm and 30 μm respectively. Therefore, the calculated average flow speeds corresponding to the above flow rates are 555 μm s −1 , 417 μm s −1 and 277 μm s −1 . But we observed that the actual flow speeds within the channel were different from the expected values. The average actual flow speeds were 638 μm s −1 , 610 μm s −1 and 245 μm s −1 respectively. Standard deviations of flow speeds were 101 μm s −1 , 223 μm s −1 , and 29 μm s −1 respectively. The capture percentage was higher for lower flow speeds and higher currents as expected. For a flow speed of 638 μm s −1 , bead capture percentage increased from 27.1% to 57.8% when current was increased from 200 mA to 400 mA. For a flow speed of 610 μm s −1 , bead capture percentage increased from 33.33% to 55.6% for the same current increase. Although the flow rate was set to different values for these two cases, the actual flow speeds were almost similar. This explains the similar capture percentages observed. For a flow speed of 245 μm s −1 , bead capture percentage increased from 34.09% to 95.2% for the same current increase. This is approximately a 70% increase over capture percentages observed for the other two flow speeds. It is clear from these results that for reliable superparamagnetic bead immobilization using this device, the flow speed should be close to 245 μm s −1 .
B. Immobilization of Cells Labelled With Superparamagnetic Beads
As the final experimental step, device was tested for its capability to immobilized MCF-7 circulating tumor cells. Cell samples were prepared as discussed above. Following above results for unbound beads, we desired to maintain sample flow speed close to 250 μm s −1 and current close to 350 mA. But it was difficult to maintain a low, stable sample flow speed in this setup as the inlet was left open while pumping in withdrawal mode at outlet. Average flow speed observed was 969 μm s −1 at a flow rate of 0.2 μl min −1 -almost four times the desired flow speed. Standard deviation of flow speed was 204 μm s −1 . DC current through micro-electromagnet was kept constant at 350 mA. At these conditions, the immobilization percentage was 69.2%. Region of cell immobilization was more spread out compared to the case with unbound beads. Average distance from micro-electromagnet to immobilized cells was calculated to be 50.8 μm with the farthest immobilized cell being 127 μm away. This is due to following reasons. The momentum of a cell in motion is higher than that of a bead, the fluidic drag force acting on a cell against the magnetic force is greater, and the number of beads attached to cells are not equal -this is especially true for stained cells.
Fluid flow speed was much higher compared to that used for bead immobilization, and flow was not as well-regulated due to pumping only at outlet. Even with these drawbacks, the device proved capable of immobilizing cells at a good accuracy. Fig. 10a shows a plot of calculated immobilization distance from micro-electromagnet against calculated flow speed of cell (values extracted from recorded video clips). Fig. 10b shows an immobilized stained cell. We believe staining caused cells to loose beads over time. Therefore, for unstained cells the immobilization percentage should be higher and the average immobilization distance should be lower. We believe that these results for cell immobilization is a lower bound on device performance.
V. CONCLUDING REMARKS
A robust method was successfully demonstrated for immobilizing rare circulating tumor cells at single cell level accuracy. This method is suitable to be used with many MEMS based cell analysis methods that require immobilization of biological entities. Device operation was verified by experiments conducted both with unbound superparamagnetic beads and MCF-7 cells labelled with superparamagnetic beads. Our device achieved a maximum immobilization percentage of 95.2% with an area of immobilization of 1000 μm 2 at an average flow speed of 245 μm s −1 for unbound superparamagnetic beads. For cells labelled with superparamagnetic beads, the immobilization percentage was 69.2% at an average flow speed of 968.8 μm s −1 . The average distance from immobilized cells to micro-electromagnet was 50.7 μm.
Furthermore, this method also possesses the following strengths: immobilizing region of device does not have to be functionalized; very simple electrical circuitry; compatible with a wide range of analysis methods such as impedance based, acoustic based, optical, biochemical, etc. Therefore, this method of single cell immobilizing is of immense value and can be used with a wide range of single cell analysis methods.
As future work, we plan to improve the precision of the device by reducing average immobilization distance close to 20 μm. We also plan to integrate this immobilization strategy with a secondary cell analysis method and test its performance with a heterogeneous population of cells.
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